Stem cell leukemia/lymphoma syndrome (SCLL) is driven by constitutive activation of chimeric FGFR1 kinases generated by chromosome translocations. We have shown that FGFR inhibitors significantly suppress leukemia and lymphoma development in vivo, and cell viability in vitro. Since resistance to targeted therapies is a major reason for relapse, we developed FGFR1-overexpressing mouse and human cell lines that are resistant to the specific FGFR inhibitors AZD4547 and BGJ398, as well as non-specific inhibitors, such as ponatinib, TKI258 and E3810. Two mutually exclusive mechanisms for resistance were demonstrated; an activating V561M mutation in the FGFR1 kinase domain and mutational inactivation of PTEN resulting in increased PI3K/AKT activity. Ectopic expression of PTEN in the PTEN-mutant cells resensitizes them to FGFR inhibitors. Treatment of resistant cells with BGJ398, in combination with the BEZ235 PI3K inhibitor, shows an additive effect on growth in vitro and prolongs survival in xenograft models in vivo. These studies provide the first direct evidence for both the involvement of the FGFR1 V561M mutation and PTEN inactivation in the development of resistance in leukemias overexpressing chimeric FGFR1. These studies also provide a potential strategy to treat leukemias and lymphomas driven by FGFR1 activation that become resistant to FGFR1 inhibitors.
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The fibroblast growth factor receptors (FGFR1-4) play an important role in normal embryonic development, regulating cellular proliferation, survival, migration and differentiation in a variety of cell types, including the hematopoietic system. 1, 2 Abnormalities of FGF receptors, however, are seen in nearly all common types of cancers where either gene amplification, or activating mutation and rearrangements, have been found in subsets of lung, bladder and breast cancers as well as leukemias and lymphomas. 3, 4 The only neoplasm in which FGFR1 is consistently activated, however, is the stem cell leukemia/ lymphoma (SCLL) syndrome, 5 which is characterized by chromosome translocations that lead to a constitutively activated, ligand independent, chimeric, FGFR1 kinase. 6, 7 These patients develop a myeloproliferative disorder and may concurrently develop either T-or B-cell lymphomas, and 80% of patients eventually progress to AML. 5 We and others have shown that these various leukemias are all dependent on FGFR1 for their survival, since treatment with an FGFR1 inhibitor such as ponatinib or BGJ398 leads to suppression of FGFR1 activation and reduced cell viability in vitro and in vivo. [8] [9] [10] Recently, a patient with BCR-FGFR1 driven SCLL treated with ponatinib showed partial morphological remission after 12 weeks treatment and markedly reduced disease burden following bone marrow transplantation, demonstrating the importance of FGFR1 kinase activity in a clinical setting. 11 As a result of our development of mouse models of SCLL 8,12-15 several cell lines expressing different chimeric kinases have been developed and have proved useful in evaluating the effectiveness of various anti-FGFR1 drug regimens. 8, 9 To date, several different FGFR inhibitors have been evaluated in SCLL models including PKC412, 16 E3810, 17 and TKI258, 18, 19 which are relatively broad spectrum kinase inhibitors. Ponatinib, which was originally developed to target the BCR-ABL, T315I mutation, 20 was shown to also inhibit FGFR1 9 and have demonstrated the effectiveness of BGJ398 against SCLL syndromic and de novo FGFR1 overexpressing AML in vivo, paving the way for clinical trials using FGFR1 inhibitors in subtypes of AML overexpressing FGFR1.
One of the ultimate consequences of approaches targeting a single protein, however, is the almost inevitable development of resistance to that inhibitor, through a variety of mechanisms. It is important, therefore, to identify potential mechanisms of resistance, so that alternative therapeutic strategies are available once resistance arises. To address this possibility, we have now derived cell lines, carrying various constitutively activated FGFR1 kinases seen in SCLL, that are resistant to FGFR1 inhibitors, and investigated the mechanisms of the resistance. Two different, mutually exclusive mechanisms were identified, the first involves mutation of the FGFR1 tyrosine kinase domain and the second involves mutational inactivation of the PTEN gene, which resulted in consequential upregulation of PI3K kinase. Targeting PI3K in these resistant cells lines led to decreased viability of leukemic cells and, in combination with FGFR1 inhibitors, showed an additive effect on growth inhibition. Re-expressing PTEN in the PTEN-mutant cell lines reverted them to FGFR1 inhibitor sensitivity. In vivo, the combined treatment with drugs inhibiting both FGFR1 and PI3K led to suppression of leukemogenesis and significantly prolonged survival. These studies suggest a possible future application of this drug combination for resistant, FGFR1-driven leukemias.
Material and Methods

Establishment of resistant cell lines
All cell lines were grown in RPMI 1640 medium supplemented with 5% fetal calf serum (Hyclone, Logan, UT) and 1% penicillinstreptomycin. FGFR-inhibitor resistant leukemia sub-lines were established by exposing parental cells to a regimen of progressively increasing concentrations of ponatinib. The authenticity of the KG1 cell line was confirmed by western blot demonstration of the presence the 60kD FGFR1OP1-FGFR1 kinase as described previously. 12 
Stable expression of human PTEN in resistant cells
The wild-type, PTEN mouse ORF clone (Cat#MR206321) was purchased from OriGene (www.origene.com) and subsequently subcloned into the pLenti-C-Myc-DDK-IRES-tRFP vector (OriGene, plasmid #PS100080). The PTEN deletion cells were transduced with lentiviral particles carrying wild-type PTEN using standard procedures. Cells stably transduced with exogenous PTEN (RFP positive) were isolated using fluorescenceactivated cell sorting.
Molecular analyses and Western blot analysis
Total RNA was isolated using Trizol (Invitrogen, Waltham, MA) and retro-transcribed with a QuantiTect reverse transcription kit (Qiagen, Valencia, CA). Amplification was performed using standard PCR (New England Bio, MA) in combination with specific primers and conditions (available upon request). Proteins were isolated as described previously. 8 Whole-cell lysates (30 mg) were separated using SDS-PAGE and immunoblotted with specific antibodies. The antiphospho-FGFR1 and anti-FGFR1 antibodies were purchased from Abcam (Cambridge, MA) and Santa Cruz Biotechnology (Paso Robles, CA), respectively. All other antibodies were obtained from Cell Signaling (Danvers, MA).
Reverse phase protein array (RPPA)
RPPAs were constructed and analyzed as described previously. 24 Briefly, denatured cellular lysates were arrayed on nitrocellulose membranes at various concentrations and probed with antibodies (n 5 167 for mouse and n 5 218 for human) that recognize most common signaling pathways. A complete list of antibodies used is available (www.bcm.edu). Signals were captured by tyramide dye deposition and a DAB colorimetric reaction, quantified and normalized to various control lysates and peptides on the array as described. 24 Animal studies and drug regimens NSG (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice (obtained from the Jackson Laboratories), were maintained as a breeding colony. All experiments were conducted under Augusta University IACUC approved protocols. Female, 6-to 8-week-old mice were used in all xenograft experiments. Mice were engrafted with 1 to 2 3 10 6 cells via tail vein injection. All mice were treated with either drug, or vehicle control (PEG300:acetic buffer 5 1:1),
What's new?
Chromosomal translocations that result in activation of chimeric fibroblast growth factor receptor 1 (FGFR1) are associated with atypical myeloproliferative disorders, making FGFR1 an appealing therapeutic target. As FGFR1 inhibitors near clinical trials, however, acquired resistance against the drugs remains a concern. In the present report, two unique mechanisms for resistance were identified in FGFR1-resistant cell lines, one involving an activating mutation in FGFR1 and the second mutational inactivation of PTEN, with upregulation of PI3K signaling. Simultaneous targeting of FGFR1 and PI3K, as well as other second-line approaches, should be considered for the treatment of resistant leukemic cell clones.
orally using a gavage needle once per day. All treatments were performed 5 days per week for 4 weeks. Ponatinib was provided by Ariad Pharmaceuticals Inc. (Cambridge, MA). PD173074 was purchased from Cayman Chemical, AZD4547 and BGJ398 from ChemieTek, JNJ-42756493 from Active Biochem, and TKI258 from LC Laboratories. E3810 was provided by EOS pharmaceuticals. All drugs were dissolved in DMSO and stored at 2808C before use. For drug treatments, cells were seeded at 3,000 to 10,000 cells/well, depending on the cell line, in 96-well plates and incubated overnight. Cells were then treated with either DMSO (control) or different FGFR inhibitors as indicated in the results section at concentrations defined by the experiments. Cell viability was determined using CellTiter-GloV R luminescence cell viability kits (Promega) and a SpectraMaxV R M5e (Molecular Probes) luminescence plate reader as described previously. 8 
Results
Generation of cell lines resistant to FGFR1 inhibitors
SCLL patients typically develop a myeloproliferative disorder that progresses to AML, but may also develop T-cell or B-cell lymphomas depending on the specific chimeric kinase present. 5 We have established murine cell lines representative of all of these lineages. ZNF112 was derived from a T-lymphoma expressing the ZMYM2-FGFR1 chimeric kinase, 12 BBC1 was derived from a B-cell lymphoma in a model for BCR-FGFR1 kinase 15 and CEP2A was derived from an AML expressing the CNTRL-FGFR1 chimeric kinase. 13 In addition, we have characterized a murine model of the FGFR1OP1-FGFR1 kinase 25 present in the KG1 human cell line. 26 Ponatinib (50-100 nM) suppresses FGFR1 activation in all of these cell lines with concomitant growth suppression, 8 demonstrating that their survival is dependent on the constitutive activation of the chimeric kinases. Since development of resistance is one of the inevitable consequences of prolonged treatment with single drug regimens, we established derivative cell lines that were resistant to ponatinib through exposure of the parental cells to step-wise increases in concentration as illustrated in Figure 1a . After 2 years of this successive selection process, derivative cell lines were established which were resistant to at least 1,000 nM ponatinib (Fig. 1a, lower panel) as shown by cell proliferation assays (Fig. 1b) .
To determine whether the resistance in these cell lines was specific to ponatinib, or led to a pan-resistance to FGFR1 inhibitors, we challenged the ponatinib resistant cell lines with the relatively more specific FGFR inhibitors, AZD4547 (2,000 nM) and BGJ398 (3,000 nM), as well as two less specific FGFR inhibitors, TKI258 and E3810. As shown in Figure 1c , treatment of the cells expressing chimeric FGFR1 kinases with these FGFR inhibitors, at a concentration 103 their IC50, did not significantly inhibit cell proliferation when compared with the parental cells, suggesting common mechanisms for all inhibitors.
Mechanisms of FGFR1 inhibitor resistance involves FGFR1 mutations and PTEN deletion
To establish the mechanism that underlies the resistance to FGFR1 inhibitors, we used Sanger sequencing of RT-PCR products derived from the tyrosine kinase domains of the chimeric FGFR1 kinases in the parental and resistant cells. All four lines showed the wild-type sequence in the parental, drug sensitive cell lines (Fig. 2a) . In contrast, a single, homozygous G!A mutation in the kinase domain, leading to a V561M missense change, was identified in the BBC1 and KG1 resistant cell lines. ZNF112 and CEP2A cells did not show this mutation in the resistant cells.
To investigate the resistance mechanism in ZNF112 and CEP2A cells, we next performed an unbiased analysis of differential protein changes in the resistant cells compared with Figure 1 . Generation of cell lines resistant to FGFR inhibitors. Scheme (a, above) for the development of resistance to ponatinib where, after 2 years of selection, four different cell lines overexpressing FGFR1 kinase were developed which are resistant to >1,000 nM (below). At a 100 nM concentration, which significantly inhibits proliferation in the parental cells, the resistant cells still show active proliferation (b). Although resistance was induced following exposure to ponatinib, the same cells are also resistant to other FGFR1 inhibitors; TKI258 (TKI), AZD4547 (AZD), E3810 (E). PD173074 (PD) and BGJ398 (BGJ) at the concentrations (nM) indicated in (c).
the parental cells, using reverse phase protein array (RPPA) analysis. This analysis surveys the levels of 167 mouse proteins involved in common signaling pathways. 24 Although hierarchical cluster analysis of relative levels of proteins showed that the overall pattern was very similar between the parental cells and their resistant derivatives (Fig. 2b) , the PTEN and BIM proteins, while unaffected in BBC1 and KG1 resistant cells (data not shown), were significantly downregulated in the ZNF112 and CEP2A resistant cells compared with the respective parental cells (Fig. 2c) . Consistent with down-regulation of PTEN, phosphorylation levels of AKT at amino acids T308 and S473 were enhanced in the resistant cells (Fig. 2d) . Western blot analysis using anti-PTEN or anti-BIM antibodies confirmed that levels of these proteins were remarkably reduced or lost (Fig. 2d) in the resistant clones. To investigate the mechanism of PTEN suppression in the resistant ZNF112R and CEP2AR cells lines (Fig. 2e) , RT-PCR analysis of the full-length transcript clearly showed a smaller PTEN mRNA. Sanger sequencing of these RT-PCR products demonstrated homozygous deletions of exon 6 in PTEN in both cases (Fig. 2e) , which results in a predicted premature stop-codon resulting in loss of the PTEN protein.
RPPA analysis also identified a remarkable decrease of BIM expression levels in both resistant cells lines (Fig. 2d) . The BIM protein (also known as BCL2L11) belongs to the BCL2 family, and functions as an apoptotic activator. To investigate whether decrease of BIM can lead to resistance to apoptosis, we treated three mouse resistant cell lines with the Nutlin, Etopside and Cisplatin apoptosis-inducing drugs, as well as Taxel which does not induce apoptosis. All cells were treated with individual drug at their GI 50 for 48 h where apoptosis levels were reduced in the resistant cells compared with the parental cells but not following treatment with Taxel (Supporting Information Fig. 1) . Thus, decrease of BIM expression may also contribute to resistance to FGFR1 inhibitors in SCLL cells.
Ectopic expression of PTEN can re-sensitize the resistant cells to FGFR1 inhibitors
Since a consequence of PTEN loss is activation of its downstream target, PI3K, we used western blotting to analyze members of the PI3K signaling cascade. As shown in Figure 3a , the PI3K signaling pathway was activated in the most resistant cells compared with the parental cells, as shown by increased phosphorylation levels of either p85, p110a or p110b in the resistant cells (but p85 phosphorylation levels were comparable between resistant and parental KG1, and p110a levels were comparable between resistant and parental ZNF112 cells). Consistently, S6 phosphorylation levels were also significantly upregulated in the resistant cells compared with the parental cells (Fig. 3a) . Activation of PI3K signaling was less pronounced in BBC1 cells (data not shown) which is consistent with the variant nature of this particular rearrangement (see Discussion). PI3K activation in KG1 resistant cells (without PTEN deletion) is also increased compared with wild type KG1 cells (Fig. 3a) .
Given the upregulation of PI3K signaling in the resistant cells, we reasoned that resistant cells treated with PI3K inhibitors may lead to growth inhibition. Indeed, in vitro drug treatment shows that the BEZ235 PI3K inhibitor, can significantly (p < 0.001) reduce proliferation in the resistant cells regardless of the specific chimeric kinase being expressed (Fig. 3b) . Furthermore, analysis of cell proliferation following combined treatment with BEZ235 and BGJ398 showed an additive effect (Fig. 3b) . To functionally characterize the effect further, we ectopically expressed PTEN in the CEP2AR and ZNF112R resistant cells (Figs. 3c and 3d, top panel) . When both the resistant derivative cells expressing exogenous PTEN were treated with ponatinib or AZD4547 for 48 h, the resistant cells were resensitized to FGFR inhibitors (Figs. 3c and 3d) . Together, these results indicate that constitutive activation of the PI3K signaling pathway, resulting from PTEN deletion, is a significant mechanism leading to resistance to FGFR inhibitors in this cell system.
Simultaneously targeting FGFR and PI3K signaling pathways can overcome the resistance of FGFR1 inhibitors in vivo
Loss of PTEN function leads to activation of the PI3K signaling pathway, and this was particularly evident in ZNF112R cells. Therefore, to investigate whether targeting PI3K signaling in these cells would suppress growth in vivo, we engrafted murine leukemia ZNF112R cells into NSGS mice and, 1 week postengraftment, the mice were randomized into three groups (N 5 10); vehicle (PEG300) control, BEZ235 (50 mg/kg body weight, previously shown to have no adverse effects [27] [28] [29] at this dosage) and, based on our previous studies, 9 combined BEZ235/BGJ398 (each 30 mg/kg body weight). The mice were treated on a 5-day on, 2-day off regimen for 4 consecutive weeks as illustrated in Figure 4a . The retrovirus used to transform murine stem cells carries a GFP marker expressed from an IRES downstream of the fusion kinases, which can be used to specifically identify leukemic cells. 30 Two weeks posttreatment, blood samples were collected from the tail veins and analyzed using flow cytometry for the presence of GFP. As shown in Figure 4b , although there was a reduction in the percentage of GFP1 cells following treatment with BEZ235, albeit not significant, the percentage of GFP1 cells was significantly decreased in the group treated with the BGJ398-BEZ235 combination. This observation is consistent with the in vitro studies shown in Figure 3b . Kaplan-Meier survival analysis further showed that the cohort treated with the drug combination showed a significantly prolonged survival compared with groups treated with either vehicle or BEZ235 alone (Fig. 4c) .
Discussion
The main reason for failure of targeted cancer therapies, using single agents, is the emergence of resistant clones. Ideally, therefore, a second-line strategy for treatment should be identified that is available immediately to treat the resistant clone as determined by the mechanism of resistance. Treating FGFR1-driven neoplasms associated with SCLL with FGFR inhibitors is still in developmental stages, with only one report to date showing suppression of leukemia development, in a single patient. 11 While our focus has been on the relatively rare SCLL syndrome, where FGFR1 is the consistent driver of the neoplasm, FGFR overexpression has also been identified in de novo AML 9 as well as subgroups of other (solid) tumor types, where FGFR inhibitors have also proved effective. 31 With increasing numbers of small molecule FGFR inhibitors entering clinical trials, it was timely to investigate alternative strategies for treating emerging resistance.
In this report we describe two mutually exclusive mechanisms underlying resistance to FGFR inhibitors with the first demonstration that a homozygous V561M mutation is definitively associated with the development of resistance in 50% of the resistant cell lines analyzed. Previous studies, notably in childhood T-ALL, have presented correlative associations between the presence of the V561M mutation with poor survival, but no mechanistic studies confirming the association. 32 The demonstration that the V561 mutation leads to constitutive activation of FGFR1 was provided through chemical biology approaches. Proteins expressed in bacterial systems were crystalized and the association dynamics for ADZ4547 and E3810 in wild type and mutant proteins determined. 33 Furthermore, the FGFR V561M mutation was also reported to induce strong resistance to PD173074 34 and BGJ398. 35 These studies showed the V561M mutation is a significant FGFR1 activating event. Molecular modeling from in vitro binding assays, however, suggested that both E3810 and AZD4547 showed reduced affinity to the V561M mutation, identifying a possible mechanism for the inability of AZD4547 to suppress activation of the mutant FGFR1 kinase. These results support the observation that resistance selection through an acquired V561M mutation is the underlying mechanism of resistance in mutant SCLL cell lines. Studies in transient transfection of the V561M-FGFR1 into COS7 cells 36 or 293 T cells 34 further demonstrated increased FGFR1 autophosphorylation. In these same studies, when the V561M mutation was ectopically expressed in model cell lines, they became less sensitive to pan-kinase inhibitors. Similarly, in squamous cell lung cancer, ectopic expression of the V561M mutant FGFR1 in FGFR1 overexpressing cells abolished sensitivity to PD173074. 31 These observations support the conclusion that the mutations that were selected for in the BBC1 and KG1 cell lines are responsible for the resistance to specific FGFR kinase inhibitors. The second consistent observation in resistant FGFR1-driven leukemias was the loss of PTEN function in 50% of the cell lines, through an identical internal deletion of exon 6, leading to a premature stop codon. As a result, the PI3K/AKT/ mTOR pathway was upregulated, and targeting PI3K in the resistant clones suppressed growth. Of note, however, we also observed that resistant cells became less sensitive to either the BEZ235 or BAY80-6946 PI3K inhibitors, as shown in Supporting Information Figure 2 . The decrease in sensitivity to PI3K inhibitors in resistant cells can be due to up-regulation of PI3K signaling pathway (Fig. 3a) as a result of PTEN loss. We have also shown that increased concentrations of FGFR1 inhibitors leads to mild suppression of FGFR1 activation in the resistant cells. However, when targeting PI3K was combined with inhibition of FGFR1, the effects were. Although PTEN deletion as a cause of resistance in leukemias has not been reported before, it has been shown in breast cancer, for example, where metastatic tumors following treatment with a PI3K inhibitor, BYL719, showed various exon deletions in PTEN which was assumed to be the cause of the resistance. 37 In vitro suppression of PTEN in breast cancer cell lines sensitive to BYL719 increased their resistance to the drug supporting this conclusion. Loss of PTEN has also been reported as a mechanism of resistance to EGFR inhibitors in lung cancer. 38 Of note, in our studies, the PI3K/AKT pathway was also upregulated in KG1-resistant cells that expressed wild-type PTEN. Although PTEN protein levels are comparable between the KG1 resistant and the parental cells (data not shown), the PI3K signaling pathway is obviously activated. The mechanism by which PI3K is activated in the KG1 resistance cells in the absence of a PTEN deletion, however, is not known. Since FGFR1 activates PI3K, it is likely that the persistent expression of mutant FGFR1 kinase in these cells may be responsible to some extent for the increased PI3K signaling.
The SCLL syndrome is driven by activation of various chimeric FGFR1 kinases where there is evidence that the different chimeric FGFR1 genes associated with the activation lead to different outcomes and disease course. 5 Despite minor differences, such as the presence of eosinophilia in some cases, or a preference for the development of T-lymphoma or B-lymphoma between the subsets of common rearrangements, the BCR-FGFR1 gene stands out in that this is typically a more aggressive disease. We have also seen this in our model systems where disease onset is disproportionately early amongst the mouse syngeneic models 14 as well as in human xenograft models using transformed CD341 stem cells. 39 The BCR-FGFR1 rearrangement is also distinct amongst the SCLL rearrangements in that the BCR component of the chimeric gene encodes for a serinethreonine kinase which may modify and enhance the phenotypes generated as a result of its expression. This was demonstrated previously where mutation of a critical phosphorylation site in BCR led to a predominantly T-cell disease, compared with the B-lymphomas typically associated with the wild-type rearrangement. 40 It is possible, therefore, that the BCR component of this chimeric kinase may contribute to modifying the consequences of disregulation of the PI3K pathway and so different alternative therapies may be indicated.
Although we have defined two mechanisms of resistance to FGFR1 inhibitors, it is possible that other mechanisms may arise that will need alternative strategies to treat these resistant clones. Extensive molecular analyses of SCLL models in vivo and in vitro have suggested some potential targets, [13] [14] [15] 25, 30, 41 such as FLT3, MYC and NOTCH1. Although AML is the primary consequence of constitutive activation of FGFR1 in SCLL, B-and T-cell lymphomas also develop. 5 While the common driver event is the upregulation of FGFR1 in the various associated neoplasms, our gene expression analyses have defined other potential targets that could be incorporated into a multi-drug treatment of the syndromic neoplasms seen in SCLL. In ZNF198-FGFR1 expressing Tlymphomas, for example, upregulation of NOTCH signaling was a consistent observation and gamma secretase inhibitors were effective in suppressing leukemogenesis, 30 suggesting a possible alternative drug combination for T-lymphomas arising in SCLL. Alternatively, BCL2 is also upregulated in SCLL tumors 12 which provides another potential target to treat resistant cells.
In summary, we have identified two important mechanisms by which subclones of leukemic cells can develop resistance to FGFR inhibitors during long-term targeted therapy both of which lead to upregulation of PI3K signaling. It is possible, therefore, that simultaneously targeting both FGFR1 and PI3K may prove to be an effective way of treating clones resistant to FGFR inhibitors in future clinical trials, not only for SCLL related leukemias but other tumor types that are addicted to FGFR family kinases. 42 
